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Introduction
Many studies support a role for infections in the etiology of childhood acute lymphoblastic leukemia (ALL), leading to two prevailing hypotheses on the underlying mechanisms. Kinlen suggested that childhood leukemia could result from a specific infection introduced by infected persons into a population without herd immunity. 1 Greaves proposed a related hypothesis: delayed exposure to common infections during infancy leads to an increased risk of common pre-B-cell ALL (cALL). 2 Under this latter theory, children may harbor genetic mutations that create a pre-leukemic clone. These clones, in turn, would be susceptible to proliferative expansion and ALL if they underwent aberrant stimulation from infections acquired later. 3 A rich epidemiologic literature supports both of these hypotheses; however, very little support for specific molecular mechanisms has been presented. A challenging problem in delineating the role of infections in the onset of c-ALL is the lack of consensus regarding the precise Acute lymphoblastic leukemia (ALL) likely has a multistep etiology, with initial genetic aberrations occurring early in life. An abnormal immune response to common infections has emerged as a plausible candidate for triggering the proliferation of pre-leukemic clones and the fixation of secondary genetic mutations and epigenetic alterations. We investigated whether evidence of infection with a specific common myelotropic childhood virus, parvovirus B19 (PVB19), relates to patterns of gene promoter DNA methylation in ALL patients. We serologically tested bone marrow samples at diagnosis of B-cell ALL for PVB19 infection and DNA methylation using a high-throughput bead array and found that 4.2% and 36.7% of samples were seroreactive to PVB19 IgM and IgG, respectively. Leukemia samples were grouped by DNA methylation pattern. Controlling for age and immunophenotype, unsupervised modeling confirmed that the DNA methylation pattern was associated with history of PVB19 (assessed by IgG, p = 0.02), but not recent infection (assessed by IgM). Replication assays on single genes were consistent with the association. The data indicate that a common viral illness may drive specific DNA methylation patterns in susceptible B-precursor cells, contributing to the leukemogenic potential of such cells. Infections may impact childhood leukemia by altering DNA methylation patterns and specific key genes in susceptible cells; these changes may be retained even after the clearance of infection.
History of parvovirus B19 infection is associated with a DNA methylation signature in childhood acute lymphoblastic leukemia
These data seem to provide evidence against direct viral transformation. However, it is possible that a very small virus or proviral component might be involved or that a potentially transforming virus has operated through a "hit-and-run" mechanism. A provocative report 8 noted an increased frequency of group-C Adenovirus (AdV) in Guthrie cards (GC) from children who developed ALL. We were unable to repeat these observations in a patient population in California-AdV DNA was not detected at a higher frequency among neonates who later developed leukemia, when compared with controls. 9 Evidence for infectious etiologies supporting Greaves' hypothesis include a broad range of epidemiologic studies using surrogate measures of exposure to infections, including birth order, child's history of infections, child's day-care and play group attendance and parental social contacts in the workplace (reviewed in refs. 10 and 11). In western countries these studies indicate ©2 0 1 1 L a n d e s B i o s c i e n c e .
D o n o t d i s t r i b u t e .
www.landesbioscience.com Epigenetics 1437 RESEARCH PAPER RESEARCH PAPER response to an infection. DNA methylation is sensitive to several factors: the availability of methyl groups, instructive histone modifications in chromatin, cell development and lineage properties, expression of methyltransferase genes and the interaction of environmental variables. A candidate ALL-related infection is parvovirus B19 (PVB19), which is tropic to the bone marrow and specifically infects erythroblasts. PVB19 infection is the cause of "fifth disease" (also known as "Slapped Cheek Syndrome"). The vast majority of the population is infected early in life and tests seropositive by the age of 7 y, in both developed and developing countries including Brazil.
14 While some reports describe an association between ALL and persistent parvovirus B19 (PVB19) infection, it was assumed that the infection was opportunistic, concurrent with the ALL. [15] [16] [17] [18] In the present study, we addressed the question whether gene promoter methylation patterns can provide insight into infection-mediated pathophysiology and etiology of childhood ALL in Brazil, specifically assessing whether DNA methylation patterns were associated with cytogenetic subtypes of ALL and evidence of a past history of PVB19 infection.
Results
The patients studied included a predominance of males with an age range of 0.08-14 y old (median 2.5 y) at diagnosis. "Common ALL" (CD19 + , CD10 + ) represented the majority of cases. Serological analysis revealed an overall prevalence of 39.8% seroreactivity to PVB19, with 4.2% being IgM and 36.7% IgG seropositive ( Table 1) . Two cases were both IgM and IgG positive.
Methylation profiling. We determined methylation status of the promoter and first exon regions of 803 genes in bone marrow samples from 59 childhood ALL cases selected as a training set, with the same overall prevalence of leukemia subtypes as our available sample set. Array methylation data were assembled and analyzed applying recursively partitioned mixture modeling (RPMM) 24 resulting in 6 methylation classes (Fig. 2) . DNA methylation class membership was significantly associated with the two B precursor cell leukemia immunophenotypes, c-ALL and pro-B ALL, as well as age, separately (Permutation p = 0.01 and p = 0.02, respectively). After controlling for age and immunophenotype, DNA methylation classes were associated with IgG levels, as a continuous variable, but not with IgM levels (Permutation test p = 0.02, p = 0.92, respectively; Fig. 3 ). In particular, the DNA methylation class "LRR" had a higher mean profile of PVB IgG seroreactivity (Fig. 2) . Despite the relationship between immunophenotype and DNA methylation class, we did not find any further association between methylation status and individual leukemia molecular characteristics (MLL rearrangement, TEL-AML1, E2A-PBX1) or high hyperdiploidy (data not shown).
We individually analyzed the GoldenGate array CpG site β values, and found a number of sites (n = 30) associated with evidence of Parvovirus IgG seropositivity (Table S2) . We chose genes for validation analysis based on their statistical significance (p < 0.05), the level of variation of β values (ranges >0.5), and successful Sequenom assay design. LCK and LTA were chosen that reduced exposure very early in life to common infections of childhood increases risk to leukemia. It becomes more challenging in tropical countries where the exposures of endemic viral and non-viral infections are seasonal and geographically heterogeneous. Recently, Reis and collaborators observed that substantial regional differences exist in the incidence of acute leukemia in Brazil 12 and that such differences may, in part, be related to differences in prevalence of exposures to infectious agents and subsequent infection.
A plausible mechanism by which a viral infection might impact the process of leukemogenesis is through alteration of DNA methylation, leading to changes in the expression of hematopoietic genes, which could persist after viral clearance. A cell's response to viral infection can result in the activation of de novo DNA methylation processes in efforts to control viral gene expression. 13 A question of interest is whether global gene promoter methylation changes might reflect the cells overall 
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of these mechanisms could be considered a "bystander" effect, with the primary infected cells (erythroblasts) not the target cells for cancer. Precursor-B cells could be affected by a cytokine "storm" during an infection, as well as being exposed to toxic reactive oxygen species in the clearance of infection. Developing B cells have a capacity for rapid expansion and proliferation and exhibit a limited repertoire of genetic changes such as chromosomal translocations and gene deletions, which may be promoted by localized inflammation in the bone marrow following an infection.
Our result is consistent with a single prior study measuring the presence of PVB19 and DNA methylation in diagnostic samples. While "history" of PVB19 infection was not measured, Yalcin and colleagues noted a significant association between the concurrent presence of PVB19 DNA in diagnostic samples and methylation in the p15 gene promoter in adult leukemia patients. 28 Future studies should incorporate measures of both current and historic infections.
The proposed role of viruses in childhood ALL can seem somewhat paradoxical. Epidemiological studies have long portrayed a protective role for childhood ALL concerning infections, as surrogate markers for infection such as early daycare seem to be protective. 10 However, additional studies indicate that infections severe enough to result in a physician visit may be a risk factor. 29, 30 While exposure to a variety of antigens may be protective via a normal modulation and development of the immune system, a strong reaction to infections agents may induce widespread immune stimulation as well as specific anti-viral defenses that may impact leukemogenesis, in particular for a virus with bone marrow tropism like PVB19. Children who contract leukemia tend to have pre-leukemic mutations, present in many cases prior to birth. [31] [32] [33] A strong reaction in the vicinity of a pre-cancerous cell may produce a characteristic immune reaction that results in the homogeneous DNA methylation pattern observed among some DNA methylation classes, in particular class "LRR" (Fig. 2) whose children harbor the highest PVB19 IgG levels. It should be noted that this methylation class does not harbor an overall "more methylated" phenotype, only a different pattern of DNA methylation compared with other childhood ALLs from this series.
Epigenetic traits (e.g., aberrant DNA methylation) are known to be related to ALL pathogenesis along with genetic variations such as translocation and altered chromosome number. There are few reports, however, analyzing methylation profile in childhood lymphocytic leukemias. [34] [35] [36] [37] [38] Most of them analyze a small numbers of genes except for one, where the authors used a customized platform by Illumina with probes for 386 genes. 35 Our current study is the only one we are aware of that shows any relation of DNA methylation in ALL to infections.
We chose genes to replicate based only on their strong associations in the GoldenGate panel, but do note that they are derived from a "Cancer Panel" and may have an impact on leukemogenesis. All three genes also have key roles in hematopoietic and immune function as well. LCK and LTA are both expressed in lymphocytes and are critical immune regulatory genes. LCK is a T-cell specific tyrosine kinase, and LTA encodes a cytokine after assessing their significant associations with IgG to PVB19, as well as having a high range of β values. We replicated the results in the same samples as used for the GoldenGate (n = 18), and an independent set of samples (n = 45) with the same immunophenotype profile as the parent sample set. The latter patients were not part of the cohort included in microarray analysis but were also serologically analyzed. The results obtained for LTA, with Golden Gate panel and Sequenom, are positively correlated (p = 0.004, Fig. 3A and B) and PVB19 IgG level is also correlated with methylation fraction as seen by microarray (R = 0.67, p = 0.03). However, the correlation between LCK results with microarray and Sequenom DNA methylation were not statistically significant (R = 0.40, p = 0.11; Fig. 3C and D) .
An existing methylation specific PCR assay for DAPK was also applied to these samples (n = 55 that were tested with Illumina array plus n = 45 independent samples), as this gene was more methylated with higher PVB19-IgG in the array results. We detected DAPK methylation in 52% of the total samples by MSP and a positive association was seen between methylation and the presence of PVB19 IgG antibodies (p = 0.008; Fig. 4) . While DAPK was not one of the top genes on the Golden Gate array locus-by-locus results, there was a relationship between DAPK and IgG results (R = 0.2) and the qualitative, rather than quantitative, nature of the MSP reaction may be more sensitive to this difference than Sequenom, which provides a true ratio between methylated and unmethylated CpG sites.
Discussion
Our data provide evidence of a potential link between history of a viral illness and a DNA methylation pattern in ALL cells. The DNA methylation pattern that was linked with higher levels of PVB19 IgG is a combination of both increased and decreased DNA methylation at specific CpGs compared with other ALLs of the same immunophenotype but different DNA methylation patterns. This observation was replicated for specific individual genes, but future replications using different populations and technologies will be necessary to further characterize and confirm this phenomenon. Kerr and colleagues 25 proposed that infection with PVB19 was involved in the onset of ALL, although the virus was not in blood circulation at the time of diagnosis. These authors also showed a prominent presence of PVB19 DNA in the cerebrospinal fluid of patients with ALL when compared with with normal controls (p = 0.046). 25 Heegaard et al. proposed that PVB19 infection could be the cause of cytopenic episodes occasionally preceding an ALL diagnosis, this relationship being possibly etiologic. 26 Patients with weak erythropoiesis typically experience a transient aplastic crisis and anemia with PVB19 infection; viral clearance is associated with positive regulation and regrowth of the bone marrow. 27 This presents a possible scenario where viral damage impacting a DNA methylation pattern is followed by enhanced proliferation and fixation of that pattern. An alternative explanation for the DNA methylation pattern associated with the virus could be the creation of a permissive environment for the growth of cells with a particular phenotype that is reflected in a common DNA methylation pattern. Either
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ALL (c-ALL, CD10 + , CD19 + ) were the majority of the random selected B-cell cases.
Samples used in this study included patient serum for serology, and pre-treatment leukemia blast cells for DNA methylation analysis. Bone marrows were subjected to mononuclear cell purification through Ficoll gradient. All patients were tested for PVB19 seroreactivity. Fifty-nine subjects were tested on the Illumina DNA methylation array; 45 additional subjects were utilized for DNA methylation replication by Sequenom and methylation-specific PCR.
Anti-PVB19 IgM and IgG enzyme immunoassay. Plasma anti-PVB19 antibodies (IgM and IgG) were detected by ELISA, according to the commercial manufacturer's instructions (Biotrin). For each plasma sample two separate assays were performed, one for a recent or current infection (IgM), and another as a marker of past history of infection (IgG) with PVB19 (Fig. 1) . The presence or absence of anti-PVB19 antibodies for clinical purposes is determined in relation to a calculated Cut-Off Value (COV). Samples with a mean absorbance reading greater than the COV X 1.1 are considered reactive (positive) for anti-PVB19 antibodies. Samples with a mean absorbance reading less than the COV X 0.9 are considered non-reactive (negative) for anti-PVB19 Igs. Samples with a mean absorbance reading greater than or equal to the COV X 0.9 and less than or equal to the COV X 1.1 are equivocal. Mean absorbance was also used as a continuous variable in statistical analyses.
Methylation analysis. DNA was extracted from purified bone marrow blast cells using the QIAamp DNA mini kit according to the manufacturer's protocol (Qiagen). DNA was modified by sodium bisulfite to convert unmethylated cytosines to uracil using the EZ DNA Methylation kit (Zymo Research) according to the manufacturer's protocol.
Illumina GoldenGate methylation bead arrays were used to simultaneously interrogate 1,505 CpG loci associated with 803 cancer-related genes. The Illumina array interrogates approximately two CpGs per gene, and although sequencing methods would provide additional details, CpGs were cultivated from reports that have shown the methylation-expression relationship produced by lymphocytes that is highly induced during viral infection. DAPK is a serine-threonine kinase that is a positive mediator of interferon-associated cell death. Future studies should explore a potential for mechanistic links between viral infection and DNA methylation of key immune genes with subsequent impact on leukemogenesis.
Finally, our analysis here does not implicate PVB19 as a "causative agent" in leukemogenesis nor does it satisfy Koch's postulates. We do provide evidence for a potential new role for a common virus in leukemogenesis; a virus may impact the epigenetic state of a leukemia clone in a specific manner. The findings have implications on infections impacting leukemia risk, and may impact current etiologic models of childhood leukemogenesis involving infection. Further research should examine the possible role of other infectious agents on DNA methylation patterns as well as tease out the mechanistic relationship between Parvovirus B19 and DNA methylation in leukemia cells. Such future investigations should also investigate the role of PVB19 infection on the DNA methylation patterns of normal cells, sorted into homogenous populations, including both the direct targets (erythroblasts) and bystander cells.
Materials and Methods

Patient samples. Subjects were identified from 2001 to 2008
from Brazilian regions through population-based cancer registries, as described in reference 19. Peripheral blood (PB) and bone marrow (BM) aspirates were collected for diagnostic purposes (pre-treatment). Patients were classified according to standard immunophenotype and molecular techniques. 20, 21 The Ethics and Scientific Committees of Instituto Nacional de Câncer approved the study and children's parents provided written informed consent (CEP#070/07). The main clinical-pathological features of the ALL series including the distribution of precursor B ALL subtypes and cytogenetic/molecular abnormalities are shown in Table 1 . There were a predominance of males and the age range of 0.08-14 y-old, median 2.5 y at the diagnosis of ALL. The distribution of precursor B-ALL demonstrated that common performed with Qiagen Hot-Start polymerase (Qiagen), and analyzed on a Sequenom MassArray using manufacturer's protocols. All DNA methylation assays were performed on randomized, coded samples by laboratory personnel who were blinded to PVB19 serological results. Statistical analysis. BeadStudio Methylation software from the array manufacturer Illumina was used for data set assembly. All array data points are represented by fluorescent signals from both methylated (M) and unmethylated (U) alleles, and methylation level is given by β = [max (M, 0)]/[|U| + |M| + 100], the average methylation (β) value is derived from the ~30 replicate methylation measurements and a Cy3/Cy5 methylated/ unmethylated ratio. At each locus for each sample, the detection p value was used to determine sample performance, no samples had >25% of loci having with a detection p value of >1e -5 and so all passed performance quality criteria. CpG loci with a median detection p value of >0.05 (n = 8, 0.5%), were eliminated from analysis. Subsequent analyses were performed using the R software (R Development CT, 2007) . Associations between sample type or covariates such as age or gender and methylation at individual CpG loci were tested with a generalized linear model. in large part through sequencing experiments. Bead arrays have a similar sensitivity as quantitative methylation-specific PCR and were run at the University of California at San Francisco Institute for Human Genetics, Genomics Core Facility, according to the manufacturer's protocol and as described in reference 22.
Methylation specific PCR (MSP) and sequenom. MSP was performed using two pairs of primers for DAPK gene, one for methylated sequence and other to unmethylated sequences. Primers (Table S1 ) were designed using MethyOligonucleotide Express software based on published sequences from the NCBI. Polymerase chain reactions were set up in a total volume of 20 μl, including 1x PCR buffer with magnesium, 200 μM of each DNTP, 1 U of Taq Gold enzyme, 25 pmoles of each primer and 5 ng of bisulfite converted DNA. After an initial denaturation step for 10 min at 95°C, each cycle of a total of 30, consisted of denaturation for 30 sec at 94°C, annealing for 30 sec at 58°C and primer extension for 50 sec at 72°C and a final step for 7 min at 72°C.
Sequenom reactions for replication/validation were designed to include the specific CpG site associated with PVB19 levels in the GoldenGate analysis. Assays were designed using Sequenom Epityper software (primers , Table S1 ). PCR assays were The β distribution of average β values was accounted for with a quasi-binomial logit link with an estimated scale variable constraining the mean between 0 and 1, in a manner similar to that described by Hsuing and colleagues. 23 Array-wide tests for association between CpG loci and covariates of interest used false discovery rate correction and Q values computed by the q value package in R (R Development CT). For inference, data were clustered using a recursively-partitioned mixture modeling (RPMM) as described previously in reference 24. RPMM is freely available as an R package. Permutation tests (running 10,000 permutations) were used to test for association with methylation class by generating a distribution of the test statistic for the null distribution for comparison to the observed distribution. For continuous variables, the permutation test was run with the statistic Kruskal-Wallis test. Significant associations from permutation tests were controlled for potential confounders where appropriate using logistic regression with methylation classes and potential confounders and a likelihood ratio test of the model with and without methylation classes. . DAPK DNA methylation Methylation-specific PCR. DNA methylation is significantly more prevalent in leukemias, which came from patients with a history of Parvovirus B19 reaction. The X-axis indicates classification of leukemia patients into 3 categories based on the level of anti-PBV19 antibodies in serum as explained in Methods.
